Introduction {#Sec1}
============

Hypertension is associated with biomarkers of inflammation in humans^[@CR1]^ and preclinical studies have demonstrated a causal role for both innate and adaptive immune responses towards blood pressure regulation^[@CR2]^. Mice deficient in both T and B lymphocytes demonstrate an attenuated pressor response to angiotensin II (Ang II), an effect that is restored with reconstitution of T cells^[@CR3]^. T cell production of interleukin-17 (IL-17) appears to be a significant mediator of this effect^[@CR4]^. IL-17 has also been shown to enhance leukocyte chemotactic responses^[@CR5],[@CR6]^ and to enhance cellular responses to other inflammatory cytokines^[@CR7]^.

P-selectin glycoprotein ligand-1 (Psgl-1) is a leukocyte ligand that binds to selectins and mediates tissue recruitment of leukocytes and platelets^[@CR8]^. Psgl-1 is required for sequential recruitment and generation of Th17 T cells in some models of inflammation^[@CR9]^ suggesting Psgl-1 could contribute to regulation of vascular tone. Deficiency of Psgl-1 has previously been shown to lead to endothelial cytokine resistance due to attenuation of endothelial NF-κB activation^[@CR10]^. Since Ang II has also been shown to signal through NF-κB^[@CR11]^, we tested the hypothesis that deficiency of Psgl-1 would attenuate the pressor response to Ang II.

Methods {#Sec2}
=======

Animals {#Sec3}
-------

Male C57BL6/J and *Psgl-1*^−/−^ mice were originally purchased from the Jackson Laboratory (Bar Harbor, Maine). *Psgl-1*^−/−^ mice were backcrossed to the C57BL6/J strain \>16 generations before use in these experiments. Mice were housed under specific pathogen-free conditions in static microisolator cages and fed with standard laboratory rodent diet (No. 5001, TestDiet, Richmond, IN) and tap water ad libitum in a temperature-controlled room with a 12:12-hour light/dark cycle. All animal use protocols complied with the Principles of Laboratory and Animal Care established by the National Society for Medical Research and were approved by the University of Michigan Committee on Use and Care of Animals.

Ang II-induced hypertension model {#Sec4}
---------------------------------

After baseline blood pressure recordings, mice were anesthetized and underwent subcutaneous implantation of osmotic minipumps (model 2004, Alzet, Cupertino, CA). Saline or Ang II (Sigma, St. Louis, MO) was continuously delivered at an infusion rate of 500 ng/kg/min for two weeks. Blood pressures were measured in non-anesthetized mice by tail plethysmography using the BP-2000 Blood Pressure Analysis System (Visitech System, Apex, NC) every day for two weeks. To get reliable and stable pressure measurements, mice were trained for seven consecutive days before implantation of minipumps. All blood pressure measurements were consistently performed in the morning.

Blood pressure was also measured invasively via carotid arterial catheterization as previously described^[@CR12]^. Briefly animals were anesthetized with urethane (1.0 g/kg, intraperitoneally) while body temperature was maintained at 37 °C on a controlled heating pad. After clearing surrounding tissue from the right common carotid artery, an arteriotomy was performed using fine scissors. A 1.4 F micro-tip catheter sensor (model SPR-671, Millar Instruments InC., Houston, TX) was inserted into the carotid artery toward the heart and blood pressure was equilibrated for 10 minutes to reach a steady state. Then cumulative doses of Ang II (0.2--200 μg/kg) were administrated via the jugular vein by a GENIE Plus Infusion Syringe Pump (Kent Scientific, Torrington, CT). Blood pressure was recorded using a data acquisition system powerlab 8/30 and chart software (AdInstruments, Colorado Springs, CO).

Psgl-1 neutralizing antibody experiments {#Sec5}
----------------------------------------

For Psgl-1 antibody experiments, a rat anti-mouse Psgl-1 antibody (4RA10)^[@CR13]^ or isotype control rat IgG~1~ k (100 µg in 200 µl PBS) (BD Biosciences, San Jose, CA) was injected into 8-week-old WT mice intraperitoneally. 16 hours following injection, the pressor response to Ang II was determined via invasive carotid artery blood pressure monitoring.

IL-17 treatment {#Sec6}
---------------

For IL-17 replacement experiments, recombinant murine IL-17 (1000 ng in 200 µl PBS) (PeproTech, Rocky Hill, NJ) or PBS was injected into 8-week-old *Psgl-1*^−/−^ mice. 5 hours later, the pressor response to Ang II was determined via invasive carotid artery blood pressure monitoring. Dosing was based on a previous study^[@CR14]^.

Bone marrow transplantation (BMT) {#Sec7}
---------------------------------

To determine the contribution of hematopoietic Psgl-1 towards blood pressure regulation, mice chimeric for Psgl-1 were generated by BMT^[@CR15]^. Briefly, WT mice were placed on acid water 2 weeks prior to BMT and then used as recipients for WT or *Psgl-1*^−/−^ donors. Bone marrow was harvested from donor mice by flushing femurs and tibias with RPMI 1640 medium containing 2% fetal bovine serum. Cells were then centrifuged at 300 *g* and resuspended in phosphate-buffered saline before injection. Recipient mice were irradiated (2 × 650 rad \[0.02 × 6.5 Gy\]) and then injected with 4 × 10^6^ bone marrow cells from WT or *Psgl-1*^−/−^ mice via the tail vein. 8 weeks after BMT, the mice were used for blood pressure monitoring via carotid artery catheterization.

Enzyme-linked immunosorbent assay (ELISA) {#Sec8}
-----------------------------------------

Plasma samples were collected via ventricular puncture at the time of euthanasia for measurement of sP-sel, sE-sel, and IL-17 using commercially available murine ELISA kits (R&D Systems, Minneapolis, MN) according to manufacturers' instructions.

Statistical analysis {#Sec9}
--------------------

All data are presented as mean ± standard error. Statistical analysis was performed using GraphPad Prism. Results were analyzed using unpaired t test for comparison between 2 groups. For multiple comparisons, results were analyzed using 1-way ANOVA followed by Tukey post-test analysis. P values \< 0.05 were considered statistically significant.

Results {#Sec10}
=======

Blood pressure response to Ang II is attenuated in *Psgl-1* deficient mice {#Sec11}
--------------------------------------------------------------------------

To test the hypothesis that deficiency of Psgl-1 would reduce Ang II-induced hypertension, saline or Ang II was chronically administrated via osmotic minipumps into C57BL6/J (wild-type, WT) or *Psgl-1*^−/−^ mice for 2 weeks. At baseline and with infusion of only saline, blood pressure was similar between WT and *Psgl-1*^−/−^ mice. Systemic infusion of Ang II increased blood pressure as measured by tail-cuff plethysmography and carotid artery catheterization in both WT and *Psgl-1*^−/−^ mice compared with saline-infused control mice. However, by infusion day 4 the increase in blood pressure was significantly attenuated in *Psgl-1*^−/−^ mice compared to WT mice (Fig. [1A and B](#Fig1){ref-type="fig"}). To determine whether this was due to acute or chronic effects of Ang II on the vasculature, the acute effect of high dose Ang II on blood pressure was assessed. For these experiments the pressor response to Ang II was measured in anesthetized mice by invasive blood pressure recording using carotid artery catheterization. Cumulative Ang II (0.2, 2, 20, 200 μg/kg) was administrated via the jugular vein with a 5 minute interval between increasing doses. The systolic and diastolic blood pressures were then recorded in response to the varying doses of Ang II. In *Psgl-1*^−/−^ mice, the response to Ang II on systolic and diastolic blood pressure was significantly reduced compared to WT mice (Fig. [1C and D](#Fig1){ref-type="fig"}) indicating Psgl-1 deficiency attenuates both chronic and acute effects of Ang II.Figure 1Effect of Psgl-1 deficiency on Ang II-induced hypertension. (**A**) Tail-cuff measurement of systolic blood pressure of WT and *Psgl-1*^−/−^ mice in response to chronic infusion of saline or Ang II administered via osmotic minipumps (n = 10 mice per group). (**B**) Systolic blood pressure measured following catheterization of the carotid artery in response to chronic infusion of saline or Ang II (n = 5 mice per group). (**C**) Systolic blood pressure response to acute infusion of Ang II in WT and *Psgl-1*^−/−^ mice (n = 5 mice per group). (**D**) Diastolic blood pressure response to acute infusion of Ang II in WT and *Psgl-1*^−/−^ mice. \*P \< 0.05.

Circulating biomarkers are reduced in Psgl-1 deficient mice following Ang II challenge {#Sec12}
--------------------------------------------------------------------------------------

To determine the effect of Psgl-1 deficiency on a group of relevant circulating biomarkers, the plasma levels of soluble P-selectin (sP-sel), soluble E-selectin (sE-sel), and IL-17 were measured in WT and *Psgl-1*^−/−^ mice before and after Ang II administration. After infusion of the consecutive doses of intravenous Ang II infusions and blood pressure measurements, plasma samples were collected and assayed for sP-sel, sE-sel and IL-17. These molecules are all products of NF**κ**B target genes^[@CR16]--[@CR19]^. Consistent with our hypothesis, each of these proteins was lower in *Psgl-1*^−/−^ compared to WT mice (Fig. [2A,B,C](#Fig2){ref-type="fig"}), consistent with reduced NF**κ**B signaling in the setting of Psgl-1 deficiency.Figure 2Levels of plasma factors before and after cumulative infusion of Ang II in WT and *Psgl-1*^−/−^ mice (n = 5 mice per group). (**A**) Levels of soluble P-selectin (sP-sel). (**B**) Levels of soluble E-selectin (sE-sel). (**C**) Levels of interleukin-17 (IL-17). \*P \< 0.05. \*\*P \< 0.01.

Hematopoietic Psgl-1 pool mediates effects of Psgl-1 deficiency towards blood pressure {#Sec13}
--------------------------------------------------------------------------------------

In addition to leukocytes, Psgl-1 may also be expressed on endothelial cells^[@CR20]^. To determine the relevant Psgl-1 cellular pool responsible for the protective effects mediated by Psgl-1 deficiency, bone marrow transplantation (BMT) was performed from *Psgl-1*^−/−^ and WT donors to WT recipients. 8 weeks after BMT, cumulative Ang II (0.2, 2, 20, 200 μg/kg) was then administrated via the jugular vein with 5 minutes intervals. As measured by carotid artery catheterization, the pressor response to Ang II was significantly reduced in WT mice receiving *Psgl-1*^−/−^ bone marrow compared to WT mice receiving WT bone marrow (Fig. [3A](#Fig3){ref-type="fig"}). The levels of sP-sel, sE-sel, and IL-17 were also significantly lower in WT mice receiving *Psgl-1*^−/−^ bone marrow (Fig. [4A,B and C](#Fig4){ref-type="fig"}) compared to corresponding control WT mice receiving WT marrow. These findings indicate that hematopoietic Psgl-1 deficiency leads to attenuation of the pressor responses to Ang II.Figure 3Pressor responses to acute infusion of Ang II after bone marrow transplantation or Psgl-1 antibody treatment (n = 5 mice per group). (**A**) Pooled data of systolic blood pressure response to Ang II in WT mice receiving WT bone marrow (BM) and WT mice receiving *Psgl-1*^−/−^ BM. (**B**) Pooled data of systolic blood pressure response to Ang II in WT mice receiving control antibody (Ab) and WT mice receiving anti-Psgl-1 Ab. \*P \< 0.05.Figure 4Levels of plasma factors after cumulative infusion of Ang II after bone marrow transplantation or Psgl-1 antibody treatment (n = 5 mice per group). (**A**,**B**,**C)** Levels of sP-sel (**A**), sE-sel (**B**), and IL-17 (**C**) in WT mice receiving WT bone marrow (BM) and WT mice receiving *Psgl-1*^−/−^ BM. (**D**,**E**,**F**) Levels of sP-sel (**D**), sE-sel (**E**), and IL-17(**F**) in WT mice receiving control Ab and WT mice receiving Psgl-1 Ab. \*P \< 0.05. \*\*P \< 0.01.

Therapeutic targeting of Psgl-1 with antibody {#Sec14}
---------------------------------------------

To directly test a therapeutic strategy of Psgl-1 blockade, an IgG control or neutralizing anti- Psgl-1 antibody was injected into WT mice intraperitoneally. 16 hours later, blood pressure response to acute Ang II infusion was evaluated as before in the common carotid artery. The pressor responses to Ang II were significantly reduced in WT mice receiving the Psgl-1 antibody compared to WT mice receiving the control antibody (Fig. [3B](#Fig3){ref-type="fig"}). The levels of sP-sel, sE-sel, and IL-17 were also significantly lower in WT mice receiving the anti-Psgl-1 antibody compared to mice receiving the control antibody (Fig. [4D,E, and F](#Fig4){ref-type="fig"}).

IL-17 replacement restores effect of Psgl-1 on blood pressure {#Sec15}
-------------------------------------------------------------

IL-17 deficiency states have been shown to attenuate the pressor effect of Ang II^[@CR4]^. To determine if reduced IL-17 is involved in the protection conferred by Psgl-1 deficiency on Ang II-induced blood pressure elevation, IL-17 or PBS was administered to *Psgl-1*^−/−^ mice. 5 hours later, the pressor response to acute infusion of Ang II was recorded via carotid artery catheterization. Levels of the systolic, diastolic and mean arterial pressure were significantly higher in *Psgl-1*^−/−^ mice injected with IL-17 compared to PBS treatment (Fig. [5A,B and C](#Fig5){ref-type="fig"}), supporting a causal role for IL-17 towards these effects.Figure 5The effect of IL-17 treatment on pressor responses to Ang II in *Psgl-1*^−/−^ mice (n = 5 mice per group). Pooled data of systolic blood pressure (**A**), diastolic blood pressure (**B**), and mean arterial pressure response (**C**) to acute infusion of Ang II after PBS or IL-17 treatment in *Psgl-1*^−/−^ mice. \*P \< 0.05.

Discussion {#Sec16}
==========

Hypertension is a common, highly complex condition that promotes risk for many other diseases of the vasculature^[@CR21]^. Although the underlying cause of most cases of hypertension are unknown and likely multifactorial^[@CR22]^, therapies targeting RAAS are highly effect in reducing elevated blood pressure and each of the RAAS components can promote inflammatory signaling pathways although the degree to which inflammatory pathways contribute to hypertension is unclear^[@CR23]^. Circulating biomarkers are associated with elevated blood pressure^[@CR24]^, however, whether they mediate or represent biomarkers of RAAS activation is unknown.

Ang II is commonly used to induce hypertension in preclinical models^[@CR25]^. Biomarkers of inflammation are associated with Ang II and inflammatory pathways are activated in multiple cell types^[@CR26]^. A role for leukocytes in the regulation of blood pressure following angiotensin II administration has been demonstrated. Mice deficient in various leukocyte subsets have been shown to be resistant to the pressor effects of Ang II. For example, mice deficient in T and B cells due to genetic RAG-1 deficiency are resistant to hypertension induced by angiotensin II as well as other hypertension triggers^[@CR3],[@CR27]^. T cells seem to be at least partially responsible for this phenotype as adoptive reconstitution of T-cells but not B-cells restores the hypertensive effect^[@CR3]^. Howerver, macrophage depletion has also been shown to blunt Ang II-induced hypertension and this effect is restored with macrophage reconstitution^[@CR28]^. Taken together, these finding suggest potential cross talk between macrophages and lymphocytes in mediating the effects of angiotensin II. Multiple mediators may contribute to these effects of Ang II including the NFκB signaling pathway^[@CR11],[@CR29],[@CR30]^, interleukin-6^[@CR31]^, tumor necrosis factor-α^[@CR32]^, macrophage colony-stimulating factor^[@CR33]^ and IL-17^[@CR4]^.

Since deficiency of Psgl-1 has been shown to dampen endothelial responses to cytokines via reduced activation of NFκB^[@CR10]^ and to protect against obesity-induced endothelial dysfunction^[@CR13]^, we therefore sought to determine whether Psgl-1 deficiency could attenuate the pressor effect of Ang II since Ang II can also activate NF**κ**B pathway via angiotensin-type 1 receptor (AT~1~R) signaling. sP-sel and sE-sel were also measured as it has been previously demonstrated that they are sensitive endothelial biomarkers of Psgl-1 activity^[@CR10]^. Consistent with our hypothesis, the pressor response to angiotensin II was reduced in the setting of Psgl-1 deficiency and bone marrow transplantation experiments demonstrated this effect was mediated by the hematopoietic pool of Psgl-1. This effect was associated with reduced levels of inflammatory biomarkers supporting the link between inflammation and blood pressure elevation. While we suspect this effect is attributed to the leukocytes, we cannot rule out a contribution of platelets as Psgl-1 has been shown to be expressed by platelets^[@CR34]^ and angiotensin receptor blockers have been shown to reduce platelet aggregation in hypertensive patients^[@CR35]^. A neutralizing anti-Psgl-1 antibody was similarly effective in reducing the blood pressure response to Ang II highlighting a potential therapeutic application. While many mediators downstream of NFκB could contribute to these effects, IL-17 replacement was tested for its capacity to restore the hemodynamic response given previous studies implicating this cytokine as a link between AngII and inflammation-related pressor responses^[@CR4]^. In support of this hypothesis, IL-17 was sufficient to restore the hemodynamic response to Ang II.

In conclusion, hematopoietic Psgl-1 regulates endothelial activation and IL-17 production in response to Ang II. These effects are associated with reduced acute and chronic pressor responses to Ang II that are restored by replacement of IL-17. Therapeutic targeting of Psgl-1 or downstream effectors such as IL-17 may be beneficial in certain subgroups of patients with hypertension.
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